To reveal the effect of adding order of magnesium and sulfur on the evolution of inclusions in Al-killed free-cutting steel, both deoxidized experiments and thermodynamic calculations were carried out in this paper. The samples, which were extracted from the liquid steel at different time after magnesium and sulfur addition, were analyzed by scanning electron microscopy and energy dispersive spectroscopy. The results showed that the adding order had a significant influence on the formation and evolution of inclusions. In the case of magnesium added before sulfur, MgO formed immediately after magnesium addition and then transformed to spinel accompanied by MeS (Mg 0.9 Mn 0.1 S) after sulfur addition. In the case of sulfur added prior to magnesium, MgO and MeS precipitated simultaneously after magnesium addition. During the equilibrium solidification, the transformation of MgO to spinel was calculated to take place before MnS precipitated from the saturated liquid steel.
Introduction
Non-metallic inclusions have a great influence on the mechanical properties and machinability of steel. For example, manganese sulfide is usually used to improve machinability in free-cutting steel as the stress concentration source [1] [2] [3] [4] . However, the deformation of manganese sulfide along with the rolling direction deteriorates the mechanical properties of the steel [5, 6] . The control of the sulfide inclusions morphology is vital for balancing the mechanical properties and machinability of free cutting steel.
In order to control sulfide inclusions, some strong sulfide-forming elements were added into liquid steel to form more stable sulfide inclusions with high melting point. Experimental results of Luyckx et al. [7] verified that the rare earth additives could be used to achieve the control of sulfide morphology in aluminum killed steels. Jiang et al. [8] quantitatively studied the modification of sulfide inclusions by calcium in a resulfurized alloy steel, and the results showed that the proportion of MnS is reduced while that of (Ca, Mn)S raised as the ratio of Ca/S in steel increased. The tendency for zirconium to form zirconium sulfide inclusions or zirconium manganese sulfides in steel was early reported by Field et al. [9] and Koch et al. [10] . A discussion of the degree of sulfide shape control by zirconium addition was published by Pollare et al. [5] . The degree of sulfide shape control was improved by increasing the zirconium content or reducing the manganese content of the steel.
In the consideration of sulfide stability, magnesium is also a strong sulfide forming element and magnesium treatment is expected to achieve the control of sulfide shape in free-cutting steel.
However, the reports about sulfide modification by magnesium are very limited. Numerous studies were carried out to study the effect of magnesium on the desulfurization and the control of oxide inclusions. Yang et al. [11] studied the desulfurization of molten iron with magnesium vapor and found that when the magnesium concentration reached the maximum, the sulfur concentration became very low. Hosohara et al. [12] investigated the desulfurization mechanism with magnesium and the results implied that desulfurization rate is controlled by the diffusion of Mg and S. In the work of Chen et al. [13] , magnesium was used to further decrease the oxygen content and improve the cleanness of traditional aluminum-killed steel. Experimental results showed that the dissolved oxygen in steel could be lower than 0.0001 pct. with the magnesium content higher than 0.0010 pct. In order to reveal the effects of magnesium on the evolution of inclusions, the deoxidized experiments were carried out by Zhang et al. [14] and the results found that magnesium could well control the size of oxide inclusions in Mn-Si-Al deoxidized melts. Furthermore, Park et al. [15] reviewed the control of MgO·Al 2 O 3 in stainless steels and Zhang et al. [16] calculated the stability diagram of Mg-Al-O system to predict the formation of inclusions during magnesium treatment. In the production of resulfurized free-cutting steel, sulfur is usually added up to a maximum of 0.4 mass pct., which is significantly different with other steels. However, the effect of magnesium treatment on sulfide inclusions is still unclear, especially the influence of treatment time on the evolution of inclusions in high sulfur-containing steel.
In the current article, laboratory experiments were performed to reveal the influences of magnesium and sulfur adding order on the compositions of inclusions in Al-killed resulfurized free-cutting steel. Samples collected at different time were analyzed by field emission scanning electron microscopy and energy dispersive spectroscopy. Meanwhile, the thermodynamic calculations for Fe-Mg-Al-Mn-O-S system were conducted, and the calculation results were performed to discuss the formation and evolution process of inclusions.
Experimental Methods

Experimental Procedure
Two sets of experiments (Exp. A and Exp. B) were carried out in a tube furnace, heated by MoSi 2 rods, as shown in Figure 1 . MgO crucible was used to contain the molten steel. For each experiment, about 450 g industrial pure iron and Mn-Fe alloy were heated to 1600 • C under high pure argon atmosphere (99.99 pct.). Subsequently, pure aluminum was added into the molten steel for deoxidization. Thereafter, Ni-Mg alloy (Alloy 1) was added into the liquid steel followed by FeS (Alloy 2) in Exp. A, while FeS (Alloy 1) was added before Ni-Mg alloy (Alloy 2) in Exp. B. 5 min later after Alloy 1 added, the first sample (S1) were sucked out by a quartz tube (φ5 mm) and then quenched by inserting into an ice-water bath. Another three samples (S2, S3, S4) were taken respectively at 1 min, 5 min and 10 min after Alloy 2 added. The addition of alloys and sampling procedures in the current experiments are shown in Figure 2 . The addition amount of Ni-Mg alloy and FeS remained the same in both experiments. Table 1 lists the compositions of raw materials used in the study. 
Analysis Methods for Steels and Inclusions
The residual steels in MgO crucibles were used to analyze the contents of sulfur, aluminum, manganese and magnesium by the inductively coupled plasma optical emission spectrometer (ICP-OES).
After all the experiments, the quenched samples were cut into cylinders (φ5 mm × 20 mm). Then the cross-section of each sample was polished by 320#, 600#, 1000#, 1500#, 2000# sandpapers in turn, and finally polished with the aid of abrasive paste until the surface was clean and free of scratches. Afterwards, the two-dimensional morphologies and compositions of inclusions in a cross section of each sample were analyzed by Phenom Prox (Eindhoven, The Netherlands). The system is the integrated platform of the field emission scanning election microscope (FE-SEM) and energy dispersive spectrometer (EDS). Table 2 lists the measured compositions of manganese, aluminum, magnesium and sulfur of steels. The results show that the mass fraction of manganese, aluminum and sulfur in the two experiments were at the same level. However, there was a significant difference in the mass fraction of magnesium between the two experiments. Exp. A contained 0.0007 pct. magnesium while Exp. B contained 0.0021 pct. magnesium. 
Results and Discussions
Chemical Compositions of Steels
Inclusions in Steels
The inclusions observed in steels were oxide, sulfide and oxysulfide inclusions. Compositions of different types of inclusions are listed in Table 3 . Note that all the types of inclusions were found in both sets of the experiments. Figure 3 shows the typical oxide inclusions detected in steels. The types of oxide inclusions were Al 2 O 3 , MgO-Al 2 O 3 and MgO. As shown in Figure 3a , the morphology of Al 2 O 3 inclusions was irregular and its size was about 1~2 µm. After magnesium addition, MgO inclusions formed immediately, as shown in Figure 3b . It can be seen that the morphology of MgO inclusions was roughly spherical and the size was about 1~2 µm. Figure 3c shows the typical MgO-Al 2 O 3 inclusions with irregular morphology. The elemental mappings showed that Mg and Al distributed uniformly in the inclusions. The mass fraction of MgO in the inclusions was in the range of 24-72 pct. [17] , sulfide inclusions could be broadly classified into three types: i.e., (1) randomly dispersed globular sulfides (Type I), (2) rod-like fine sulfides (Type II), and (3) angular sulfides (Type III). The sulfide inclusions observed in Fe-Mn-S system by Ito et al. [18] were consistent with this classification. Oikawa et al. [19] investigated the evolution mechanism of sulfide inclusions with different morphologies. Their experimental results showed that globular MnS precipitated via a monotectic reaction and rod-like MnS formed through a eutectic reaction during solidification. [20] . They pointed out that MnS crystallized and/or precipitated on the deoxidization particles during solidification.
The detected inclusion types in different samples were concluded in Table 4 . In Exp. A, only MgO inclusions were found in the sample A-1. After sulfur addition, MgO inclusions were modified to MgO-Al 2 O 3 inclusions. The main inclusions in the samples A-2 to A-4 were MgO-Al 2 O 3 +MnS coexisted with a large amount of MnS. In Exp. B, sulfur was added into the molten steel before magnesium. MnS, Al 2 O 3 and Al 2 O 3 +MnS were detected in the sample B-1 after sulfur addition. After magnesium addition, the main inclusions in the samples B-2 to B-4 were MgO, (Mg, Mn)S, and MgO+(Mg, Mn)S accompanied by a large amount of MnS. 
√√ ' main type of inclusions, ' √ ' a small amount of inclusions, '×' trace amount of inclusions.
Thermodynamic Calculations for Fe-Mg-Al-Mn-O-S System
In the molten steel, the quasi-equilibrium was achieved due to favorable kinetic conditions. Hence, the thermodynamic calculations can be used to predict the formation and evolution of inclusions. In the thermodynamic calculations, FactSage TM 7.1 program (developed by Thermfact/CRCT (Montreal, Canada) and GTT-Technologies (Achen, Germany)) was used to calculate the equilibrium products in Fe-Mg-Al-Mn-O-S system. The thermodynamic databases were FToxid, FactPS and FTmisc. The modification reactions of oxide inclusions are given in Equation (1) to (4).
(1)
log K 6 = 33.09 − 50880/T (4) where [i] is the dissolved i (i = Mg, Al, Mn, S, O) in the molten steel, (s) is the solid reactor or product, K is the reaction equilibrium constant, T is the Kelvin temperature. The formation reactions of sulfide inclusions can be expressed by Equations (5) to (8) .
[
log K 9 = −11.27+28893/T (6) [Mn] + [S] = MnS(s) (7) log K 12 = 4.63−8794/T (8) , MgO starts to decompose with the formation of spinel and MeS, as shown in Equation (9) . When the mass fraction of [S] is higher than 0.5 pct., spinel and MeS coexist in the molten steel. Therefore, the effect of sulfur addition on the evolution of inclusions can be ignored if trace amount of sulfur is added into steel, while excessive addition of sulfur will result in the transformation of MgO to spinel accompanied by the formation of MeS.
log K 15 = −66.9+137559/T (10) Owing to the rapid cooling rate, some significant transformations during solidification cannot be detected in the experimental results. In order to investigate the evolution of secondary inclusions, thermodynamic calculations were performed from 1600 • C to 1450 • C. 
Formation and Transient Evolution Mechanism of Inclusions
According to the experimental results and thermodynamic calculations, the evolution mechanism of inclusions with different adding order of magnesium and sulfur is described in Figure 10 . In the first case, magnesium is added before sulfur, as shown in Figure 10a . In the second case, sulfur is added before magnesium, as shown in Figure 10b . The melting and boiling temperature of magnesium at atmospheric pressure are 650 • C and 1090 • C, respectively. Therefore, magnesium will vaporize rapidly at steelmaking temperature. The generated bubbles tend to be dissolved into the molten steel during the floating process. The reaction can be expressed as Equation (11) . Different adding order of magnesium would result in a difference in the yielding rate of magnesium. The compositions analysis result in Table 2 shows that the magnesium content in Exp. A is much lower than that in Exp. B.
In the case of magnesium added before sulfur, MgO forms around the magnesium bubbles after magnesium addition, as shown in Equation (13) . With the rapid diffusion of [Mg] in molten steel, Al 2 O 3 is modified to MgO by Equation (15) . After the addition of sulfur, MgO is transferred to spinel accompanied by MeS, as presented in Equation (9) . The main reason is that the formation of MeS decreases the [Mg] content in steel, which forces the reaction balance of Equation (3) moving toward spinel production. In the process of solidification, MnS crystallize from the saturated liquid steel and spinel inclusions work as the heterogeneous nucleation sites for MnS. 
Conclusions
In this work, laboratory experiments and thermodynamic calculations were performed to investigate the effect of magnesium and sulfur adding order on the evolution of inclusions in Al-killed free-cutting steel. The main conclusions are summarized as follows.
(1) In the case of magnesium added before sulfur, MgO is transformed into spinel immediately after sulfur addition, while this transformation is calculated to take place during the equilibrium solidification with the enrichment of [S] in the case of sulfur added before magnesium. 
